Benzene is a well-known hematotoxic carcinogen that can cause leukemia and a variety of blood disorders. Our previous study indicated that benzene disturbs levels of metabolites in the fatty acid β-oxidation (FAO) pathway, which is crucial for the maintenance and function of hematopoietic and leukemic cells. The present research aims to investigate the effects of benzene on changes in the expression of key enzymes in the FAO pathway in male C3H/He mice. Results showed that benzene exposure caused reduced peripheral white blood cell (WBC), red blood cell (RBC), platelet (Pit) counts, and hemoglobin (Hgb) concentration. Investigation of the effects of benzene on the expression of FA transport-and β-oxidation-related enzymes showed that expression of proteins Cpt1a, Crat, Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha was significantly increased. The ATP levels and mitochondrial membrane potential decreased in mice exposed to benzene. Meanwhile, reactive oxygen species (ROS), hydrogen peroxide (H 2 O 2 ), and malondialdehyde (MDA) levels were significantly increased in the benzene group. Our results indicate that benzene induces increased expression of FA transport and β-oxidation enzymes, mitochondrial dysfunction, and oxidative stress, which may play a role in benzene-induced hematotoxicity.
Introduction
Benzene is a ubiquitous environmental and occupational pollutant. It is also a recognized cause of acute myeloid leukemia and acute non-lymphocytic leukemia [1] [2] [3] . Studies showed that benzene causes hematotoxic effects, even at exposure levels lower than 1 ppm [4] [5] [6] . Benzene metabolites interact with hematopoietic cells at different differentiation stages in bone marrow (BM) [7] , resulting in genetic [8] , chromosomal, or epigenetic abnormalities [9, 10] , genomic instability [11] , and altered proliferation and differentiation of hematopoietic stem cells (HSCs) [12] , leading to the formation of mutated hematopoietic cells and subsequent clonal evolution to leukemia [13] . Although many epidemiological and experimental studies have been carried out, the mechanisms of benzene-induced hematotoxicity remain to be elucidated.
Recent studies demonstrated that fatty acid β-oxidation (FAO) is a crucial pathway for HSCs and leukemic cells. The tight regulation of asymmetric division of HSCs accompanies metabolic changes [14] . Ito et al. reported that inhibition of FAO results in the symmetric commitment of HSC daughter cells, suggesting that FAO functions to control HSC self-renewal [15] . In addition, it was found that the FAO pathway is pivotal for energy production, cell growth, and chemo-resistance in leukemic cells [16, 17] . The results of Ricciardi and colleagues suggest that FAO can be a potential target for leukemia treatment [16] . Our previous study indicated that benzene exposure induces disturbances in the metabolite levels of the FAO pathway [18] . Therefore, FAO may be a key pathway related to benzene-induced hematotoxicity. However, specific effects of benzene on enzymes involved in the FAO pathway remain unclear.
In the present study, we examine the effects of benzene on the expression of key enzymes in the FAO pathway, as well as its effects on mitochondrial function and oxidative stress. The results may be helpful in further understanding the mechanism of action for the hematotoxicity of benzene.
Materials and Methods

Chemicals and Antibodies
Benzene was obtained from Sigma (St. Louis, MO, USA). The β-actin antibody was purchased from Santa Cruz (Santa Cruz, CA, USA), all other primary antibodies (carnitine palmitoyltransferase 1a (Cpt1a), carnitine acetyltransferase (Crat), acetyl-coenzyme A acyltransferase 2 (Acaa2), aldehyde dehydrogenase 1 family, member L2 (Aldh1l2), very long chain acyl-coenzyme A dehydrogenase (Acadvl), carnitine O-octanoyltransferase (Crot), enoyl coenzyme A hydratase short chain 1 (Echs1), and hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl-coenzyme A thiolase/enoyl-coenzyme A hydratase, alpha subunit (Hadha) were obtained from Abcam (Cambridge, MA, USA).
Animals and Treatment
Male C3H/He mice aged 4-5 weeks were purchased from Wei Tong Li Hua Laboratory Animal Co. Ltd. (Beijing, China). Mice were maintained at 22-24 • C with 45%-65% humidity and a 12-h alternating light/dark cycle. Standard diet and water were available ad libitum. After one week of acclimatization, the mice were divided into two groups (eight per group): control, and mice treated with 150 mg/kg benzene. There are three reasons for the choice of this benzene exposure dose. First, normal occupational exposures vary from less than 1 ppm to hundreds of ppm, the latter resulted in decreased numbers of white blood cells (WBC), red blood cells (RBC), and/or platelets (Pit) in the peripheral blood of workers [5, 13] ; second, the dose of 150 mg/kg body weight (b.w.) benzene is equivalent to the inhalation protocol with 300 ppm [19] . It is reported that a dose of 300 ppm benzene inhalation induced 9% acute myeloid leukemias (AMLs) in wild-type C3H/He mice [20] ; third, based on our previous study, significant hematotoxicity was observed in C3H/He mice exposed to 150 mg/kg b.w. for four weeks. Mice were injected subcutaneously with either corn oil or a benzene-corn oil mixture once daily, five days per week, for four weeks. Animals were maintained and experiments were conducted in accordance with the Institutional Animal Care and Use Committee of Southeast University (Approval No: 20130027).
Blood Routine
The mouse body weight was measured every week. At the end of four weeks, 200 µL of blood was collected from mouse orbital sinus into an ethylene diamine tetraacetic acid (EDTA)-treated tube. The blood parameters were measured using a Sysmex XE-2100 fully automatic hematology analyzer (Sysmex, Kobe, Japan).
L-Carnitine Assay
The BM cells were acquired from mouse femurs and tibias. Both ends of the bones were cut, and marrow cavities were washed with buffer. Mouse BM cells were centrifuged at 1000 rpm for 10 min at 4 • C. Then, an l-carnitine assay kit from Sigma (St. Louis, MO, USA) was used to measure l-carnitine in BM cells. Briefly, 1 × 10 6 cells were homogenized in 100 µL carnitine assay buffer and centrifuged at 13,000 rpm for 10 min to remove insoluble material. Sample (50 µL) was mixed with 50 µL of reaction mix by pipetting in a 96-well plate. The reaction was incubated for 30 min at room temperature in the dark. Finally, the absorbance was measured at 570 nm.
Real-Time Polymerase Chain Reaction (PCR)
The BM cells were collected, and total RNA was extracted using TRIzol (Invitrogen, New York, NY, USA). The cDNA was synthesized using PrimeScriptTM RT Master Mix (Takara, Otsu, Japan), according to the manufacturer's instructions. Real-time PCR was performed using SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, Japan). All the samples were analyzed in triplicate. The relative gene expression was analyzed by the 2 −∆∆Ct method. Actin was used as the reference gene. The following primer sequences were used for PCR ( Table 1) . 
Western Blot
The mouse BM cells were harvested and lysed in 100 µL radio-immunoprecipitation assay (RIPA) buffer with 1 mM phenylmethylsulfonyl fluoride (PMSF). The protein concentration was measured by using Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Hudson, NH, USA). Proteins (20 µg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with 10% separation gel and 5% space gel. Then, proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and incubated with 5% nonfat milk for 1 h at room temperature. Primary antibodies were optimized and incubated with membrane overnight at 4 • C. The next day, the membrane was washed with tris-buffered saline with Tween 20 (TBST) buffer and incubated with secondary antibody for 1 h at room temperature. Signals were visualized and analyzed using a chemiluminescent substrate (Thermo Scientific, Hudson, NH, USA).
ATP Assay
Intracellular ATP levels were assayed by a firefly luciferase-based ATP assay kit (Beyotime, Nantong, China) according to the manufacturer's instructions. Briefly, 1 × 10 6 cells were lysed with 100 µL lysis buffer and centrifuged at 12,000 rpm for 5 min at 4 • C. Then, 20 µL of each supernatant were mixed with 100 µL of ATP detection working solution and assayed by a luminometer (Berthold Detection System, Pforzheim, Germany).
Mitochondrial Membrane Potential Measurement
JC-1 dye was used to measure membrane potential. The BM cells were collected and incubated with JC-1 for 20 min at 37 • C. The fluorescence intensity was detected with a BD fluorescence activating cell sorter (FACS) Aria II flow cytometry unit (BD Bioscience, San Diego, CA, USA). The ratio of red/green fluorescence was used to indicate the mitochondrial membrane potential.
Measurement of Reactive Oxygen Species (ROS) Level
The intracellular ROS was detected using oxidant-sensitive dye DCFH-DA (Beyotime, Nantong, China). The cells were incubated with 2 mL 10 µM DCFH-DA working solution at 37 • C for 20 min. Then, the cells were washed twice, and the fluorescence was determined by flow cytometry.
Measurement of H 2 O 2 Level
H 2 O 2 concentration was determined using H 2 O 2 assay kit (Beyotime, Nantong, China). The cell lysate reacted with working solution and the formed complex was measured using a microplate reader at a wavelength of 560 nm.
Measurement of Malondialdehyde (MDA) Level
The cellular MDA level was measured using a Lipid Peroxidation MDA Assay Kit (Beyotime, Nantong, China). The cells were lysed, and supernatant was reacted with thiobarbituric acid (TBA) to generate the MDA-TBA adduct. Then, the products were measured spectrophotometrically at 535 nm, and the MDA levels were expressed as µmol/mg protein.
Statistical Analysis
The results are expressed as mean ± SD. Statistically significant differences between groups were determined using one-way ANOVA, followed by Dunnett's multiple comparison tests. A p-value < 0.05 was considered as statistically significant.
Results
Effects of Benzene on Body Weight
We measured body weights of mice in two groups over the four-week exposure period; the results are shown in Figure 1 . Benzene exposure caused a decrease in mouse body weight compared with control, but a significant difference was only seen at the fourth week.
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Measurement of Reactive Oxygen Species (ROS) Level
The intracellular ROS was detected using oxidant-sensitive dye DCFH-DA (Beyotime, Nantong, China). The cells were incubated with 2 mL 10 μM DCFH-DA working solution at 37 °C for 20 min. Then, the cells were washed twice, and the fluorescence was determined by flow cytometry.
Measurement of H2O2 Level
H2O2 concentration was determined using H2O2 assay kit (Beyotime, Nantong, China). The cell lysate reacted with working solution and the formed complex was measured using a microplate reader at a wavelength of 560 nm.
Measurement of Malondialdehyde (MDA) Level
The cellular MDA level was measured using a Lipid Peroxidation MDA Assay Kit (Beyotime, Nantong, China). The cells were lysed, and supernatant was reacted with thiobarbituric acid (TBA) to generate the MDA-TBA adduct. Then, the products were measured spectrophotometrically at 535 nm, and the MDA levels were expressed as μmol/mg protein.
Statistical Analysis
Results
Effects of Benzene on Body Weight
We measured body weights of mice in two groups over the four-week exposure period; the results are shown in Figure 1 . Benzene exposure caused a decrease in mouse body weight compared with control, but a significant difference was only seen at the fourth week. 
Benzene Causes Declines in Mouse WBC, RBC, Pit Count, and Hgb Concentration
We then evaluated the effects of benzene exposure on blood routine. As shown in Table 2 , mice in the benzene exposure group displayed a significant decrease in the number of WBC, RBC, Pit, and a decline in Hgb concentration. 
We then evaluated the effects of benzene exposure on blood routine. As shown in Table 2 , mice in the benzene exposure group displayed a significant decrease in the number of WBC, RBC, Pit, and a decline in Hgb concentration. We previously reported that acetyl-l-carnitine (ALCAR) level decreased in mouse BM cells due to benzene exposure. Here, we also found significantly reduced l-carnitine level in the benzene group (Figure 2A) . These results indicate that benzene exposure induced disturbances in the metabolite levels of the FAO pathway. We were then interested in whether benzene exposure affects expression of key genes in the FAO pathway. To investigate this, we performed real-time (RT)-PCR to detect gene expressions of Cpt1a, Crat, Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha. As shown in Figure 2B , the mRNA levels of Crat, Acaa2, Aldh1l2, Acadvl, Echs1, and Hadha were significantly increased in the benzene group, while no significant difference was found in the mRNA expression of Cpt1a and Crot in the benzene group. 
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Benzene Induces Reduced L-Carnitine and Alters Expression of Key Genes in the FAO Pathway in Mouse BM Cells
We previously reported that acetyl-l-carnitine (ALCAR) level decreased in mouse BM cells due to benzene exposure. Here, we also found significantly reduced l-carnitine level in the benzene group (Figure 2A) . These results indicate that benzene exposure induced disturbances in the metabolite levels of the FAO pathway. We were then interested in whether benzene exposure affects expression of key genes in the FAO pathway. To investigate this, we performed real-time (RT)-PCR to detect gene expressions of Cpt1a, Crat, Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha. As shown in Figure 2B , the mRNA levels of Crat, Acaa2, Aldh1l2, Acadvl, Echs1, and Hadha were significantly increased in the benzene group, while no significant difference was found in the mRNA expression of Cpt1a and Crot in the benzene group. 
Benzene Induces Increased Expression of Key Fatty Acid (FA) Transport Proteins in Mouse BM Cells
L-carnitine and ALCAR are important intermediates in FAO, and play a vital role in carrying FA across the inner mitochondrial membrane. Cpt1a and Crat are two key enzymes involved in FA transport. To test whether benzene exposure affects ALCAR-related FA transport proteins, Cpt1a and Crat protein expression was evaluated by Western blot. As shown in Figure 3 , the protein levels of Cpt1a (p < 0.01) and Crat (p < 0.01) were significantly higher in BM cells of benzene-exposed mice than that in the control group. Values are mean ± SD; Compared with control group: * p < 0.05; ** p < 0.01; *** p < 0.001. Cpt1a: carnitine palmitoyltransferase 1a; Crat: carnitine acetyltransferase; Acaa2: acetyl-coenzyme A acyltransferase 2; Aldh1l2: aldehyde dehydrogenase 1 family, member L2; Acadvl: very long chain acyl-coenzyme A dehydrogenase; Crot: carnitine O-octanoyltransferase; Echs1: enoyl coenzyme A hydratase short chain 1; Hadha: hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl-coenzyme A thiolase/enoyl-coenzyme A hydratase, alpha subunit.
L-carnitine and ALCAR are important intermediates in FAO, and play a vital role in carrying FA across the inner mitochondrial membrane. Cpt1a and Crat are two key enzymes involved in FA transport. To test whether benzene exposure affects ALCAR-related FA transport proteins, Cpt1a and Crat protein expression was evaluated by Western blot. As shown in Figure 3 , the protein levels of Cpt1a (p < 0.01) and Crat (p < 0.01) were significantly higher in BM cells of benzene-exposed mice than that in the control group. 
Benzene Induces Increased Expression of Key FAO Proteins in Mouse BM Cells
Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha are key enzymes in the FAO pathway. The effects of benzene on these enzymes in mRNA level are shown in Figure 2 . Meanwhile, we were also interested in whether benzene exposure affects protein expression of these enzymes. To investigate this, we performed Western blot analysis. The results showed that the protein levels of Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha increased significantly in mice exposed to benzene (Figure 4) . 
Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha are key enzymes in the FAO pathway. The effects of benzene on these enzymes in mRNA level are shown in Figure 2 . Meanwhile, we were also interested in whether benzene exposure affects protein expression of these enzymes. To investigate this, we performed Western blot analysis. The results showed that the protein levels of Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha increased significantly in mice exposed to benzene (Figure 4 ). 
Benzene Induces Mitochondrial Dysfunction
Because FAO occurs mainly in mitochondria, we next measured ATP level and mitochondrial membrane potential in BM cells to evaluate mitochondrial function ( Figure 5 ). Both ATP level and ratio of red/green florescence showed a significant reduction in the benzene group, indicating that benzene causes mitochondrial damage. 
Benzene Induces Oxidative Stress and Lipid Peroxidation
Since FAO is an important source of NADPH, which is a key member of the antioxidant family, we then evaluated the ROS and H2O2 levels in BM cells of benzene-exposed mice. The results showed that significantly elevated ROS and H2O2 levels were detected in benzene groups ( Figure 6) . Then, the levels of MDA (an end product of lipid peroxidation) were measured to determine the impact of benzene on oxidative lesions. MDA concentration was significantly increased in benzene groups (p < 0.05) (Figure 6 ). These results indicated that benzene induces oxidative stress and lipid peroxidation in BM cells of C3H/He mice. 
Discussion
Benzene is classified as a carcinogen [21] , as benzene exposure causes leukemia and other hematopoietic disorders [2, 5] . However, the mechanism of hematotoxicity induced by benzene has not been well understood so far. Our previous metabonomics study [18] suggested that benzene exposure causes changes in FAO-related metabolites in BM cells in C3H/He mice. In the present study, we investigated the effects of benzene on the expression of FAO-related enzymes in C3H/He mice.
We first examined the complete blood count to evaluate benzene-induced hematotoxicity. Consistent with previous studies, a decreased number of WBC, RBC, Pit, and Hgb concentration were found in benzene group, which was considered to be the result of aplastic anemia [5] . This result indicated that significant hematotoxicity was successfully induced by benzene exposure in our mouse model. The cellularity changes in specific lineages after benzene exposure were not 
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Discussion
We first examined the complete blood count to evaluate benzene-induced hematotoxicity. Consistent with previous studies, a decreased number of WBC, RBC, Pit, and Hgb concentration were found in benzene group, which was considered to be the result of aplastic anemia [5] . This result indicated that significant hematotoxicity was successfully induced by benzene exposure in our mouse model. The cellularity changes in specific lineages after benzene exposure were not investigated here. In our previous study [22, 23] , the dose of benzene used could also cause significantly decreased frequency of HSCs (Lin − C-kit + Sca-1 + ), increased ratio of original granulocyte and promyelocytes in bone marrow, and reduced burst-forming unit-erythroid (BFU-E), committed progenitors granulocytes-erythroid-monocyte-megakaryocyte (CFU-GEMM), and granulocyte-macrophages (CFU-GM) progenitors [23] .
FAO plays a pivotal role in energy homoeostasis. Carnitine and ALCAR are essential for the FAO pathway due to their role in FA transport into the mitochondrial matrix via the carnitine/ALCAR shuttle. Studies showed that carnitine and ALCAR levels are associated with type 2 diabetes and insulin resistance, suggesting that FAO plays a role in the pathogenesis of diabetes [24, 25] . Claudia et al. reported that drug-resistant human T-lymphoblastic leukemia (CEM) cells exhibited reduced levels of short-chain acyl carnitines, implying a reduction in the FAO rate [26] . Here, we found decreased levels of l-carnitine and ALCAR in BM cells of mice exposed to benzene. Based on this, we hypothesized that benzene exposure would affect the FAO process, which may be involved in the pathogenesis of benzene-induced hematotoxicity.
Previous research indicated that FAO is a key metabolic pathway for hematopoietic and leukemic cell maintenance and function [27] . It was reported that the promyelocytic leukemia (PML)-peroxisome proliferator-activated receptor δ (PPAR-δ)-FAO pathway controls HSC cell fate through the regulation of HSC asymmetric division [15] . Ismael et al. found that the inhibition of FAO significantly decreased the number of quiescent leukemia progenitor cells in half of primary human acute myeloid leukemia samples [17] . Fatty acids are transported from cytosol to mitochondria via the carnitine shuttle, then undergo β-oxidation. Cpt1a and Crat are two key enzymes involved in the entry of FA into the mitochondria. Results reported by Maria et al. demonstrated that leukemia cell lines constitutively express Cpt1a [16] . Our results showed that Cpt1a protein, but not mRNA, was increased in BM cells of mouse. Benzene exposure significantly increased mRNA and protein levels of Crat in mouse BM cells. Therefore, FA transport may be affected due to benzene exposure.
Once inside the mitochondria, acyl-CoAs are metabolized and shortened by multiple enzymes, including Acaa2, Aldh1l2, Acadvl, Crot, Echs1, and Hadha. Acaa2 was reported to be differentially expressed in CEM and drug-resistant leukemia cells [26] . Crot expression was found to be over-expressed in multidrug-resistant K562 leukemia cells [28] . In the current study, we found mRNA and protein levels of Acaa2, Aldh1l2, Acadvl, Echs1, and Hadha were significantly increased due to benzene exposure. Crot was only significantly increased in protein level after benzene exposure. These results indicate that benzene exposure results in abnormal FA transport and FAO process in mouse BM cells, which may play a role in hematotoxicity induced by benzene.
FAO is carried out in mitochondria, which are the primary source and target of ROS and lipid peroxidation [29] . Under normal circumstances, the vast network of antioxidant and detoxification systems ensures that levels of ROS and lipid peroxidation are kept at sub-toxic levels [29] . The FAO process sustains ATP levels and NADPH production [30, 31] . Increased ROS could lead to the exhaustion of HSCs [32] . FAO could provide stem cells with the NADPH to prevent ROS from driving cell differentiation [27] . So, FAO may play a role in the mitochondrial antioxidant system. Our results showed that benzene induces significantly-reduced ATP levels and mitochondrial membrane potential, indicating mitochondrial dysfunction. In addition, benzene exposure also results in oxidative stress by generating increased ROS and H 2 O 2 , and leads to increased lipid peroxidation. Lipid peroxidation products such as MDA eventually damage the hematopoietic cells at different stages of differentiation [33] . Thus, aberrant FAO that produces less ATP and NADPH may be associated with mitochondrial dysfunction and oxidative stress, and may participate in hematotoxicity induced by benzene.
Conclusions
In conclusion, this is the first report to demonstrate that benzene exposure causes alterations in the expression of key enzymes involved in the FAO pathway in mouse BM cells. We also found that benzene exposure induces mitochondrial dysfunction, oxidative stress, and lipid peroxidation. Further studies are needed to explore the definite mechanism responsible for benzene-induced aberrant FAO and to better understand the role of abnormal FAO in the pathogenesis of benzene-induced hematotoxicity.
